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Executive Summary

Objectives

The principal objective of this R&D program is to expand, enhance and accelerate knowledge and
capabilit ies for the development of high-performance, two-terminal multijunction hydrogenated
amorphous silicon alloy cells and modules with low manufacturing cost and high reliability.  The
program goal is to obtain 12% stable modules that will qualify IEEE-Std 1262-1995 reliability testing.

Approach

In order to improve efficiency, United Solar uses a spectral-splitting, triple-junction cell structure.  In
this configuration, the top cell uses an amorphous silicon alloy of ~1.8 eV bandgap to absorb the blue
photons.  The middle cell uses an amorphous silicon germanium alloy (~20% germanium) of ~1.6 eV
bandgap to capture the green photons.  The bottom cell has ~40% germanium to reduce the bandgap to
~1.4 eV to capture the red photons.  The cells are deposited on stainless steel with a predeposited
silver/zinc oxide back reflector to facilitate light trapping.  A thin layer of antireflection coating is
applied to the top of the cell to reduce reflection loss.

During this year, research activities were carried out in the following four areas: 1) fundamental studies
to improve our understanding of materials and devices, 2) small-area cell research to obtain the highest
cell efficiency, 3) deposition of small-area cells using a modified very high frequency (MVHF)
technique to obtain higher deposition rates, and 4) large-area cell research to obtain the highest module
efficiency.

Status/Accomplishments

1. Fundamental Studies

We have shown previously that hydrogen dilution plays a very important role in improving material
and cell performance.  The highest efficiency cells are obtained when the intrinsic material is deposited
at a level of hydrogen dilution that is at the threshold between amorphous and microcrystalline
transition.  Collaborating with the Colorado School of Mines, we have now demonstrated that the
structural order in this material is determined by the substrate on which the film is grown and also the
film thickness.  The order improves as the thickness increases.  This results in the improvement of
material quality in the direction of film growth and has been confirmed by the measurement of defect
density at the University of Oregon.

2. Small-area Cell Research

We have worked on improving the component cells of the multijunction structure by changing the
deposition conditions.  The highest efficiencies obtained in the multijunction structure are given below.

• Achieved 14.4% initial and 12.4% stable active-area (~0.25 cm2) cell efficiency in a dual-
bandgap, double-junction structure.

• Achieved 15.2% initial active-area (~0.25 cm2) cell efficiency in a triple-junction structure.
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3. Cells Deposited at High Rates

We have previously shown that deposition at high rates results in poorer cell performance and stability. 
This was attributed to a poor microstructure of the film growth at high rates.  Since the characteristic of
the plasma can influence the film property significantly, we have carried out experiments to determine
the energy distribution of the ionized species in the plasma excited by both radio frequency and very high
frequency power sources.  The energy of the positive ions is found to increase as the pressure is lowered. 
The following results have been obtained by using deposition rates of ~3-5 Å /s:

• Deposited single-junction top cells (~0.25 cm2) on stainless steel substrates without back
reflector using a-Si alloy at 3-5 Å /s and achieved a total-area stabilized cell efficiency of 4.85%
measured under global AM1.5 after 1000 hours of one-sun light soaking at 50 oC.

• Deposited single-junction middle cells (~0.25 cm2) on stainless steel substrates without back
reflector using a-SiGe alloy at 3-5 Å /s and achieved a total-area stabilized power output of
2.73 mW/cm2 measured under global AM1.5 with a λ>530 nm filter after 1240 hours of one-
sun light soaking with an appropriate filter at 50 oC.

• Deposited single-junction bottom cells (~0.25 cm2) on optimized back reflector using a-SiGe
alloy at 3-5 Å /s and achieved a total-area stabilized power output of 3.11 mW/cm2 measured
under global AM1.5 with a λ>630 nm filter after 1043 hours of one-sun light soaking with an
appropriate filter at 50 oC.

4. Large-area Module Research

Uniformity in deposition over a large area is key to the achievement of high module efficiency.  We
use a large-area reactor where the component cells are deposited over one-square-foot area and the
uniformity is investigated by evaluating the performance of small-area cells deposited over the entire
area.  Using this method, we have made high efficiency component cells and have fabricated large-area,
triple-junction modules.  The highlights of this activity are given below:

• Deposited array of single-junction top cells (~0.268 cm2) on stainless steel substrates without
back reflector using a-Si alloy over areas greater than 900 cm2 and achieved an average total-
area stabilized cell efficiency measured under global AM1.5 of 5.4% after 1031 hours of one-
sun light soaking at 50 oC.

• Deposited array of single-junction middle cells (~0.268 cm2) on stainless steel substrates
without back reflector using a-SiGe alloy over areas greater than 900 cm2 and achieved an
average total-area stabilized power output measured under global AM1.5 with λ>530 nm filter
of 3.6 mW/cm2 after 1072 hours of one-sun light soaking with an appropriate filter at 50 oC.

• Deposited array of single-junction bottom cells (~0.268 cm2) on optimized back reflector
substrates using a-SiGe alloy over areas greater than 900 cm2 and achieved an average total-area
stabilized power output measured under global AM1.5 with λ>630 nm filter of 3.17 mW/cm2

after 621 hours of one-sun light soaking with an appropriate filter at 50 oC.

• Deposited array of triple-junction cells (~0.268 cm2) on optimized back reflector substrates
using optimized component cells over areas greater than 900 cm2 and achieved an average
total-area stabilized efficiency measured under global AM1.5 of 11.6% after 1067 hours of one-
sun light soaking at 50 oC.

• Achieved 10.5% stable aperture-area (~905 cm2) efficiency in an encapsulated triple-junction
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module after 1000 hours of one-sun light soaking at 50 oC carried out and measured by NREL.

• Fabricated and delivered two large-area prototype modules with a total area of 216" x 29.6" and
216" x 15.5" to NREL; the initial power outputs for the two modules are 317.8 W and 155.5
W, respectively, measured at NREL.

Major Publications
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Section 1

Introduction

This report describes the research performed during Phase I of a three-phase, three-year program under
NREL Subcontract No. ZAK-8-17619-09.  The research program is intended to expand, enhance and
accelerate knowledge and capabilit ies for the development of high-performance, two-terminal
multijunction amorphous silicon (a-Si) alloy cells and modules with low manufacturing cost and high
reliability.

In order to improve efficiency, United Solar uses a spectral-splitting, triple-junction cell structure.  In
this configuration, the top cell uses an amorphous silicon alloy of ~1.8 eV bandgap to absorb the blue
photons.  The middle cell uses an amorphous silicon germanium alloy (~20% germanium) of ~1.6 eV
bandgap to capture the green photons.  The bottom cell has ~40% germanium to reduce the bandgap to
~1.4 eV to capture the red photons.  The cells are deposited on stainless steel with a predeposited
silver/zinc oxide back reflector to facilitate light trapping.  A thin layer of antireflection coating is
applied to the top of the cell to reduce reflection loss.

During this year, research activities were carried out in the following four areas: 1) fundamental studies
to improve our understanding of materials and devices, 2) small-area cell research to obtain the highest
cell efficiency, 3) deposition of small-area cells using a modified very high frequency (MVHF)
technique to obtain higher deposition rates, and 4) large-area cell research to obtain the highest module
efficiency.  Results on 1) and 2) are described in Section 2.  Data on higher deposition rates are given in
Section 3.  Module research activities are detailed in Section 4.  Section 5 gives future directions.
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Section 2

Amorphous Silicon Alloy Materials and Solar Cells Near the
 Threshold of Microcrystallinity

Introduction

Over the last two decades, photovoltaic (PV) technology using amorphous silicon (a-Si) alloy materials
has advanced significantly to a stage where large-scale manufacturing is taking place worldwide (Rannels
1998).  Most of the products to date are aimed at terrestrial applications such as battery charging and
building-integrated photovoltaics.  On the other hand, due to the tremendous growth in the field of
telecommunication, intensive efforts are underway to qualify the lightweight inexpensive thin-film
solar cells for space applications (Guha et al. 1998).  Today, state-of-the-art a-Si alloy triple-junction
modules on thin, flexible substrates are being seriously evaluated in orbit such as those from United
Solar Systems Corp. (United Solar) on board the MIR space station.

Despite the substantial progress made in recent years, the biggest challenge for both terrestrial and
extraterrestrial applications today is achieving even higher conversion efficiencies.  A National Thin-
film Partnership Team including members from the PV industry, universities, and national laboratories
was organized in 1992 by the National Renewable Energy Laboratory (NREL) to coordinate and
address various aspects of the thin-film materials and devices (von Roedern et al. 1997).  A broad
spectrum of activities, ranging from fundamental material studies to novel multijunction designs, has
been addressed.  In the last several years, the most important finding from these activities for
improving stabilized cell efficiencies using plasma-enhanced chemical vapor deposition (PECVD) is
probably the realization of the benefit  of using hydrogen dilution during film growth (Yang et al. 1994).
 Although the first report on the effect of hydrogen dilution was made in 1981 by Guha et al. (Guha et
al. 1981), it  was not until the 1990's that improvement on solar cell performance using this approach
became available in the literature.  These cells exhibit  higher efficiencies and better light stability.

A recent study by Tsu et al. (Tsu et al. 1997) further revealed that a-Si alloy materials grown using
appropriate hydrogen dilution result  in more-ordered microstructures in that intermediate-range orders
have been observed.  As the hydrogen dilution ratio is increased, there exists a transitional region
beyond which microcrystallites begin to form rapidly.  The best quality a-Si alloy solar cells are
obtained when one deposits the material just below the threshold of the amorphous to microcrystalline
transition.  In this section, we review some interesting features associated with the materials near the
threshold and discuss the corresponding solar cell performance.

Experimental Results and Discussion

Near Threshold M aterial Characteristics

The first experimental observation of improved stability against light soaking by using hydrogen
dilution during film growth was reported by Guha at al. in 1981 (Guha et al. 1981).  They found that
films obtained using 10% silane (SiH4) and 90% hydrogen (H2) exhibited better stability than those
grown using 100% SiH4.
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In 1994, we reported that a-Si alloy solar cells whose intrinsic layers were made with high hydrogen
dilution displayed better stability than those made with low dilution at a same deposition temperature of
300 oC (Yang et al. 1994).  In order to understand the difference in the two types of materials, we
measured film properties such as infrared (IR) absorption, optical bandgap, hydrogen evolution, and
small-angle X-ray scattering (SAXS).  From the IR absorption spectra and optical bandgap
measurements, we found that both types of materials contain ~10% of bonded hydrogen, and their
optical bandgaps around 1.72 eV are also similar.  On the other hand, the hydrogen evolution spectra
for the two types of materials are distinctly different, as shown in Fig. 1.  The low dilution sample
exhibited a broad evolution peak near 500 oC (Fig. 1(a)), while the high dilution sample displayed a
sharp, narrow peak near 400 oC (Fig. 1(b)) (Xu et al. 1996).  This pronounced difference suggests that
the microstructure of the two types of films may be quite different.  Based on the IR analyses, it  was
pointed out that the low temperature evolution peak was not associated with dihydride or polyhydride
structures.  In addition, SAXS data showed that high hydrogen dilution samples contain oriented
microstructures parallel to the film growth direction (Jones et al. 1993, Williamson 1995).  Based on
hydrogen evolution and SAXS data, it  appears that the high dilution samples may have a heterogeneous
structure.

Furthermore, we have made a-Si alloy solar cells using a gas mixture of SiD4 and D2 and compared the
cell performance to those obtained from SiH4 and H2.  We found that, using similar deposition
conditions and intrinsic layer thicknesses, the deuterated cells show better stability against light soaking
than the hydrogenated counterparts (Sugiyama et al. 1997).  What is also interesting is that the
deuterium evolution spectrum also showed a sharp, low temperature peak near 400 oC, displayed in Fig.
2.

From the above experimental results, it  appears that the deposition conditions used for achieving more
stable solar cells also lead to materials having a low temperature peak in the evolution spectra.  A
better stability seems to be correlated with an improved microstructure.

In order to further investigate the correlation between enhanced stability and the effect of hydrogen
dilution, we collaborated with Tsu et al. (Tsu et al. 1997) and carried out a systematic study on samples
prepared with low, medium, and high hydrogen dilutions.  We used high resolution transmission electron
microscopy (TEM) and Raman scattering measurements to look for qualitative and quantitative
differences in the three types of films.  Figure 3 shows the Raman spectra for a-Si alloy films of ~500
Å thick deposited on 7059 Corning glass.  The low, medium, and high dilution films are shown in Fig.
3(b), 3(c), and 3(d), respectively.  Also shown in Fig. 3(a) is a standard a-Si alloy film prepared with no
hydrogen dilution.  The following two observations are made.  First of all, there is a shift in the Si TO
peak position, indicated by the dashed line, from no dilution to high dilution.  Secondly, a sharp band
appeared at 516.5 cm-1 for the high dilution sample (Fig. 3(d)), and is attributed to microcrystalline
inclusions.  From this study, a clear trend emerges in that as the hydrogen dilution increases, it
promotes the formation of microcrystallites in the amorphous matrix.

The films were subsequently lifted off the 7059 glass substrates and their microstructures analyzed by
TEM.  For the high dilution sample, distinct microcrystallites were indeed observed embedded in the
featureless amorphous matrix even under low magnification.  These spherical microcrystallites have sizes
ranging from 2 to 10 nm in diameter.  Under high magnification, TEM micrograph revealed that the high
dilution sample exhibited long parallel lines separated by 0.31 nm, corresponding to the d spacing of Si
(111) planes. In addition, one-dimensional linear-like objects that appear to have some degree of order
along the length were observed. These objects have widths of 2-3 nm and lengths of up to a few 10's of
nm.  In fact, a careful examination of the other three samples showed that they all contain, to a lesser
degree, these linear-like objects. This is true even for the standard sample prepared with no hydrogen
dilution.  Based on TEM and Raman data, we conclude that the intermediate range order of different
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Figure 1.  Hydrogen evolution spectra for (a) the low dilution and (b) the high dilution samples. 
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Figure 2.  Deuterium evolution spectrum from the deuterated sample.                                             
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Figure 3.  Raman spectra versus hydrogen dilution of four samples: (a) no dilution, (b) low
dilution, (c) medium dilution, and (d) high dilution.
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degrees indeed exists in a-Si alloy films.  The volume fraction occupied by microcrystallites within the
amorphous material increases with increasing hydrogen dilution.

Recently, we have conducted a series of X-ray diffraction (XRD) studies on a-Si alloys prepared from
various hydrogen dilutions to see if XRD signals can be correlated with hydrogen dilution ratios (Guha
et al. 1999).  We found that the full-width-at-half maximum (FWHM) intensity of the first X-ray
diffraction peak is narrower in high hydrogen diluted samples than those in low or no hydrogen dilution
samples.  This confirms the improved medium range order for high dilution samples.  A detailed
account is given by Williamson (Williamson 1999).

Very recently, in collaboration with Mahan et al., we carried out systematic IR and H2 evolution studies
for hydrogen diluted samples.  A careful analysis of the IR spectra revealed that the peak frequency of
the Si-H wagging mode shifts downward from ~640 cm-1 to 620 cm-1 for high H2 dilution.  The 620 cm-

1 frequency has been interpreted as being due to H bonded to the surfaces of very small, highly eccentric
Si microcrystallites.  These crystallites catalyze the crystallization of the remainder of the amorphous
matrix upon annealing and resulting in the observed low temperature peak in the H2 evolution
spectrum.  A more detailed description of this work is given by Mahan et al. (Mahan et al. 1999).

Kamei et al. (Kamei et al. 1999) recently investigated effects of embedded crystallites in hydrogenated
amorphous silicon on light-induced metastable dangling bond defect creation.  The crystalline-like
nanostructures were obtained by using hydrogen dilution during film growth, confirming the observation
by Tsu et al. (Tsu et al. 1997).  They also found that inclusion of a small-volume fraction of
crystallites into the amorphous matrix significantly suppresses defect creation against moderate light
illumination.  They propose that the mechanism of improved stability is related to the
trapping/recombination of photocarriers by embedded crystallites. 

From the above discussion, it  should be clear that appropriate hydrogen dilution can create intermediate
range order and improve material properties.  However, dilution beyond certain critical value often
results in excess microcrystallite inclusions and degrades solar cell performance.  In fact, a-Si alloy p i n
cells with excess hydrogen dilution give rise to low open-circuit  voltages and poor cell performance. 
We should also point out that the threshold condition is system dependent.  In one system, a dilution
ratio of ten to one may be the optimum, while in a different system, one may need a very different
ratio.  Other deposition parameters, such as pressure, temperature, electrode spacing, chamber
geometry, and gas flows, all affect the growth kinetics.  In fact, conditions too close to the threshold
may not be easily reproducible.  They may be too sensitive to small variations in the deposition
conditions, as shown by a recent work using real-time spectroscopic ellipsometry (Koh et al. 1998).

Near Threshold Solar Cell Performance

From the above discussion, one should recognize the importance of using appropriate hydrogen dilution
in the PECVD process to optimize the deposition conditions so that high quality materials can be
obtained near the amorphous to microcrystalline transition.  We have followed this approach and studied
four different types of solar cell structures shown in Fig. 4.  These structures use stainless steel substrates
and textured silver/zinc oxide as back reflectors.  Figure 4(a) shows the basic p i n structure most
commonly used to evaluate the quality of the a-Si alloy materials.  To achieve high efficiency in this
structure, not only does one need high quality intrinsic material such as those discussed above, but also
other key requirements such as light trapping, transparent conductive oxide, and interface properties. 
The thickness of the intrinsic layer is also very important.  If the intrinsic layer is too thick, cells will
suffer large degradation due to the Staebler-Wronski effect (SWE) (Staebler et al. 1977).  If the intrinsic
layer is too thin, it  does not absorb sufficient photons, thus resulting in low efficiencies.  An optimum
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Figure 4.  Schematic diagram of four solar cell structures: (a) single, (b) same bandgap, double,
(c) dual bandgap double and (d) triple junctions.
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thickness of  ~2200 Å was used to achieve the highest stabilized active-area efficiency of 9.3%.  The
initial and stable J-V characteristics are listed in Table 1.  It  should be pointed out that the degradation
due to SWE for this structure is only 12.3%, a value much lower than the typical 50% degradation
when the quality of the material was poor or the thickness of the intrinsic layer was too thick.  Using
hydrogen dilution during deposition, one generally observes less degradation and an earlier saturation
(Yang et al. 1994, Yang et al. 1994).

For the same bandgap double-junction structure shown in Fig. 4(b), one takes advantage of the thin top
cell.  The thin top cell gives rise to a high internal field (Jiang et al. 1996), thus less degradation.  The
top cell also absorbs the high energy photons and allows only low energy photons to reach the bottom
cell.  From Table 1, we see that the initial fill factor of the same bandgap structure is higher than the
single-junction structure; the stabilized fill factor is also higher.  The stabilized efficiency of 10.1% is
better than the 9.3% obtained from the single-junction structure.

In order to further increase the cell efficiency, one resorts to narrow bandgap materials such as a-SiGe
alloys to broaden the spectral response.  The carrier transport properties in the a-SiGe alloy materials,
however, are often worse than those in the a-Si alloys.  Using the hydrogen dilution approach, we have
been able to improve the performance of the a-SiGe alloy solar cells substantially.  Hydrogen dilution
also allows for a lower deposition temperature without deteriorating the fill factor of the device (Shima
et al. 1997).  Figure 5 shows the J-V characteristic of an improved a-SiGe alloy device having an
average germanium concentration of ~20% in the intrinsic layer.  The intrinsic layer has also
incorporated a bandgap profiling design (Guha et al. 1989) to improve the cell performance.  The
11.6% initial active-area efficiency is the highest reported to date for a single-junction a-SiGe alloy
solar cell.

Table 1. Highest Stable Cell Efficiencies (active area ~0.25 cm
2
)

at United Solar for Different Junction Configurations.

     Jsc  Voc  FF   η Deg.

  (mA/cm
2
)  (V)  (%)  (%)

_____________________________________________________________________________________________

a-Si:H Initial     14.65 0.992 0.730 10.6
single junction Stable     14.36 0.965 0.672  9.3 12.3

a-Si:H/a-Si:H Initial      7.9 1.89 0.76 11.4
same gap Stable      7.9 1.83 0.70 10.1 11.4
double junction

a-Si:H/a-SiGe:H Initial     11.04 1.762 0.738 14.4
dual gap Stable     10.68 1.713 0.676 12.4 13.9
double junction

a-Si:H/a-SiGe:H/ Initial      8.57 2.357 0.723 14.6
a-SiGe:H Stable      8.27 2.294 0.684 13.0 11.0
triple junction
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Figure 5.  Initial J-V characteristic of an a-SiGe alloy p-i-n solar cell. 
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Using the improved a-SiGe alloy in the bottom cell, we then proceeded to make dual bandgap double-
junction solar cells using the structure shown in Fig. 4(c).  In this structure, the top cell needs to be
thicker than that of the same gap structure in order to match the higher photocurrent generated by the
a-SiGe alloy bottom cell.  The initial and stable characteristics of the best dual gap double-junction cell
is also shown in Table 1.  Comparing the dual gap and same gap structures, it  is obvious that the main
advantage of the dual gap structure is the substantially higher current density, which overcomes the
lower open-circuit  voltage and fill factor.  In fact, the dual gap structure shows a more than 20% gain in
the stabilized efficiency than the same gap structure.  The degradation of the dual gap device, on the
other hand, is higher than the same gap counterpart.  This is mainly due to the thicker top cell and the
somewhat poorer a-SiGe alloy material in the bottom cell.

To further enhance the efficiency and broaden the spectral response, we next discuss the triple-junction
configuration shown in Fig. 4(d).  The structure incorporates a low bandgap a-SiGe alloy in the bottom
cell.  In this configuration, the bandgap and thickness of the top and middle cells are dictated by the
quality of the bottom cell.  If one can successfully incorporate a higher concentration of germanium
into the bottom cell and further extend the spectral response into the long wavelength region, one may
split the spectral response into blue, green, and red regions, corresponding to the top, middle, and
bottom cells, respectively.  The goal of this design is, of course, that the gain in current can overcome
the loss in Voc and FF.  We have again used the hydrogen dilution method and successfully achieved
14.6% initial and 13.0% stable conversion efficiencies for a 0.25 cm2 active-area device in the triple-
junction configuration.  Their J-V characteristics are also listed in Table 1.  Figure 6 shows the J-V
characteristic of the 14.6% triple-junction cell; the quantum efficiency versus wavelength plot for this
device is shown in Fig. 7.

It  should be pointed out that the stabilized efficiency for each structure in Table 1 represents the
highest value reported to date in the literature.  Hydrogen dilution indeed played a major role in
achieving this result .  We should also point out, however, that high quality material is a necessary but
not sufficient condition for making high efficiency solar cells.  Other key factors, such as the design of
the device structure, the appropriate back reflector, the thickness and the optical bandgap of the
intrinsic layer, the bandgap profiling of the a-SiGe alloys, the interface layers, the tunnel junctions, the
component cell current matching, and the top conductive oxide, all play an important role in achieving
the high efficiency cells (Yang et al. 1997).

Based on the experimental data of Table 1, it  is easy to conclude that the triple-junction structure gives
rise to the highest initial and stable efficiencies.  The quantum efficiency curve in Fig. 7 clearly shows
the spectral-splitting feature of the triple-junction design.  The current mismatch observed among the
three component cells is designed to limit the triple-junction current by the top cell which usually has
the best fill factor.  Any improvement in the fill factor of the middle or bottom cell can allow us to
further reduce the current mismatch and improve the cell efficiency.  Our continuous effort in
optimizing the device design and deposition conditions has led us to achieve a 15.2% initial active-area
efficiency.  The J-V characteristic is shown in Fig. 8, and the quantum efficiency plot is shown in Fig.
9.  From Fig. 9, one can see that the spectral response spans from below 350 nm to beyond 950 nm
with the peak quantum efficiency exceeding 90% in the green region.  The triple stack generates a total
photocurrent of 27 mA/cm2.  The current mismatch among the component cells has been virtually
eliminated.

Based on the above experimental results and discussion, it  is clear that hydrogen dilution improves the
microstructure and enhances the cell performance.  The optimum condition is very close to the
amorphous to microcrystalline transition.  The challenge is to approach the threshold without
exceeding the critical limit.  In order to find out the cell characteristics at optimum conditions, we have
evaluated a series of a-Si alloy top cells on stainless steel substrates by adjusting the hydrogen dilution
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Figure 6.  Initial J-V characteristic of the 14.6% triple-junction cell.
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Figure 7.  Quantum efficiency of the device shown in Fig. 6. 
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Figure 8.  Initial J-V characteristic of the 15.2% triple-junction cell.
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Figure 9.  Quantum efficiency of the device shown in Fig. 8. 
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condition near the threshold.  The requirement is that the Jsc value must be around 8 mA/cm2 for top
cell applications.  Figure 10 shows the best cell obtained to date in terms of high fill factor and high
open-circuit  voltage.  The cell exhibits FF = 0.785, Voc = 1.010 volt, and Jsc = 8.25 mA/cm2.  As soon
as the dilution ratio exceeds a certain critical value, a sudden drop in FF and Voc occurs, signifying that
the threshold has been exceeded.

Hydrogen dilution in general lowers the deposition rate.  The high efficiency cells described above have
a typical deposition rate of ~1 Å/s.  Can one obtain high quality materials and solar cells using high
deposition rates?  This is of particular interest concerning the throughput in large volume productions.
 We have used a modified very high frequency (MVHF) approach and studied the hydrogen dilution
effect on high-rate-deposited top cells (Yang et al. 1998).  More detail is discussed in Section 3.  Figure
11 shows the best cell obtained to date using MVHF with hydrogen dilution at a deposition rate of 8 Å
/s.  The J-V characteristic is very close to that of the 1 Å /s cell shown in Fig. 10.  High performance a-
Si alloy cells can indeed be achieved at high rates using an appropriate hydrogen dilution.  More work is
needed to study the a-SiGe alloy using high deposition rates.

Summary

Using hydrogen dilution during film growth in the PECVD process, we have shown that the
microstructure of the material and solar cell performance are improved.  Interesting features associated
with hydrogen diluted films near the amorphous to microcrystalline transition are reviewed.  They
include the observation of linear-like objects in the TEM micrograph, a shift of the principal Si TO
band in the Raman spectrum, a low temperature H2 evolution peak, a shift in the wagging mode
frequency in the IR spectrum, and a narrowing of the Si (111) peak in the X-ray diffraction pattern.

World record high efficiency solar cells in four different device structures have been achieved by
optimizing hydrogen dilution conditions near the threshold of the amorphous to microcrystalline
transition.  More work is needed to understand these hydrogen diluted materials to improve the
efficiencies further.
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Figure 10.  Initial J-V characteristic of an a-Si alloy top cell deposited at ~1 Å/s. 
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Figure 11.  Initial J-V characteristic of an a-Si alloy top cell deposited at ~8 Å/s by MVHF.
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Section 3

Status of Small Area Component and Multi-junction Cells
Deposited with RF and MVHF at 3~5 Å/s

Introduction

Investigations are underway to increase the stabilized total area efficiency of triple-junction solar
cells deposited at both high rate, 3 - 5 Å/s, and low rate, 1 Å/s.  Higher deposition rates are attractive
because of increased throughput and reduced manufacturing costs.  To achieve higher deposition
rates, both RF (13.56 MHz) and MVHF (75 MHz) PECVD are being investigated.  In an earlier study,
we have shown that an increase in the deposition rate of a-Si alloys using 13.56 MHz resulted in an
increase in microvoid density, which is believed to cause a poorer cell performance and stability
(Guha et al. 1992).  On the other hand, we have also found that the microstructure of the material
depends critically on the deposition conditions such as the degree of hydrogen dilution during the film
growth (Tsu et al. 1997).  Moreover, solar cells made using a 2.45 GHz microwave excitation with a
deposition rate of ~100 Å/s have given high initial efficiencies (Guha et al. 1995).  An optimum
deposition condition for high quality materials may exist for a given excitation frequency. 
Currently, the highest stabilized efficiencies are deposited with a conventional RF-PECVD at rate of
1 Å/s.  Initial and stabilized active area efficiencies of 14.6% and 13.0% have been reported (Yang et
al. 1997).  The initial performance of single-junction a-Si alloy cells fabricated by MVHF at 6 Å/s is
similar to RF at 3 Å/s.  However, the stability of a-Si alloy MVHF cells is superior to the 3 Å/s RF
top cells.  High deposition rate a-SiGe alloy middle cells fabricated with RF and MVHF exhibit similar
characteristics.  MVHF bottom cells currently exhibit inferior initial and stabilized performance than
the RF bottom cells.  Experiments are being conducted to identify the source of the deficit in the
MVHF bottoms cells deposited faster than 3 Å/s and are discussed in detail below. 

Status of 3 Å/s RF a-Si Alloy Solar Cells 

Efforts are being made to increase the total area efficiencies of the single-junction component cells
deposited by 13.56 MHz RF at 3Å/s.  The small area cells have a total area of 0.268 cm2 and an
active area of 0.25 cm2.  Top and middle component cells are deposited on bare stainless steel. 
Bottom cells are deposited onto a textured AgZnO back reflector.  Top cells are measured under
AM1.5 illumination.  Middle cells are measured under AM1.5 illumination with a 530 nm cut on
filter, and bottom cells are measured with a 630 nm cut on filter.  A stabilized total area efficiency of
4.70% has been reported for the top cell and meets the Phase I goal.  A stabilized total area pmax of
2.80 mW/cm2 for the middle cell and 3.20 mW/cm2 for the bottom cell have also been previously
reported.  In the course of this phase, middle cell B4410 with an initial total area pmax of 3.91
mW/cm2, and stabilized pmax of 2.80 mW/cm2 has been fabricated.  The bottom cell, B4030, with an
initial total area pmax of 3.80 mW/cm2 and a stabilized pmax of 3.11 mW/cm2 has been fabricated, and
meets the Phase I goal.

The characteristics of triple-junction a-Si alloy cells deposited by RF at 3 Å/s are reported.  B3363, a
triple-junction cell, has an initial AM1.5 total area efficiency of 11.7% and a stabilized total area
efficiency of 9.5%.  The stabilized efficiency is to be improved to 10.7% to meet the proposed
Phase I goal.  Currently, the single-junction top and bottom component cells meet the proposed
stabilized total area Phase I goal of 4.7% and 3.0 mW/cm2, respectively.  However, the middle and
triple-junction cells are to be improved.  Investigations are underway to reduce the degradation in the
middle cell.
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Modified Very-High-Frequency Plasma Enhanced Chemical Vapor Deposition
(MVHF-PECVD): Plasma Properties and Solar Cell Deposition

Introduction 

Ten years ago, Chatham and Bhat (Chatham et al. 1989) used very-high-frequency (VHF) PECVD to
deposit  a-Si alloy solar cells at high deposition rates.  They demonstrated an efficiency of 9.7% for an a-
Si alloy solar cell made at 18 Å/s using a frequency of 110 MHz.  Since then, many groups have used this
technique to deposit  a-Si alloy materials and devices.  The group at Utrecht studied the properties of the
VHF plasma (Harmers et al. 1997) and deposited a-Si alloy solar cells (Van Spark et al. 1996) and thin
film transistors. They reached an initial efficiency of 10% (Van Spark et al. 1996).  The group at
Neuchâtel showed that VHF-PECVD has advantages to make microcrystalline silicon (µc-Si) at rates
much higher than ordinary RF plasma deposition of µc-Si (Shah et al. 1997). They deposited µc-Si solar
cells and a-Si/µc-Si tandem solar cells.

In our laboratory, we have used an MVHF-PECVD (refer to MVHF) system to deposit  a-Si and a-SiGe
alloy solar cells.  We found that a-Si alloy solar cells made with MVHF at 6 Å/s show similar initial
performance as those made with RF at 3 Å/s, and the stability of 6 Å/s MVHF cells is better than the 3
Å/s RF cells (Yang et al. 1998).  To further improve the performance of the MVHF solar cells made at
high deposition rates, we need to understand the difference in the plasmas excited by RF and MVHF,
and search for further improvement of the solar cells.  For this purpose we have systematically studied
the ion energy distribution of MVHF and RF plasmas as well as the effects of ion bombardment on the
performance of a-Si and a-SiGe alloy solar cells.  It  has been shown that high H2 dilution can improve
the performance and stability of a-Si alloy solar cells made with RF plasmas at low deposition rates
(Guha et al. 1981).  However, the effect of H2 dilution on the solar cells made with MVHF at high rates
are not clear.  Recent studies on the effects of H2 dilution on the a-Si and a-SiGe alloy solar cells are
summarized in the last sub-section.

Experimental

A parallel plate capacitance reaction chamber (MVHF chamber), which was adapted to a multi-
chamber PECVD system, was designed to have the capability to couple RF (13.65 MHz) and VHF (75
MHz) frequencies to the plasma. The substrate can be grounded, externally biased or floated, which
gives us the flexibility to study the effects of ion bombardments.  A retarding field analyzer was
installed in the plasma chamber to measure the energy distribution of positive ions.  The details of
the ion energy distribution experiments are presented elsewhere (Yan et al. 1999).  The ion energy
distributions of H2, Ar, SiH4 and their mixtures were studied as functions of excitation frequency, RF
or VHF power density and pressure.  a-Si and a-SiGe alloy component cells were made with various
conditions, such as different pressures, gas flow rates, substrate temperatures and external biases, t o
optimize their performance and to improve the tandem and triple junction cells.     

Ion energy distribution and the effects of ion bombardments on a-Si alloy solar cells
 

Figure 12 shows the energy distribution of ions in H2 plasma with 75 MHz excitation, where the VHF
power was 10 W.  At a low pressure (0.1 Torr), a sharp peak appears at 22 eV with a full width at half-
maximum of about 6 eV.  The cut-off at the high energy side is very sharp.  This value could be the
plasma potential.  However, at high pressure (1.0 Torr), the peak of ion energy distribution shifts to zero
and the width becomes significantly broader.  Similar measurements were carried out for the RF plasma.
Figure 13 shows the results of the  RF plasma with the same conditions as in Fig. 12 except the excitation
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Figure 12. The energy distribution of positive ions reached to the substrate in a H2 plasma
excited by 75 MHz VHF.  The pressures were 0.1 and 1.0 Torr and VHF power was 10 W.
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Figure 13. The positive ion energy distribution of a H2 plasma excited by 13.56 MHz RF. Other
conditions are the same as in Fig.12.
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frequency was 13.56 MHz.  The peak position is much higher (37 eV) than that shown in Fig. 12,
and the distribution is also much broader (18 eV).  Similar to the MVHF plasma, there are no high
energy ions reaching the substrates at 1.0 Torr.  In addition, the positive ion current that reached the
substrate is about 5 times higher in the 75 MHz MVHF plasma than in the RF plasma.

The shifting and broadening of the ion energy distribution with the increase in pressure could result
from the collision of positive ions with neutral species when the ions travel through the sheath. The
collision not only transfers energy to neutral species but also has a probability to exchange charge. 
The charge-exchange collision yields low energy neutral radicals and reduces the energy of the ions as
measured by the retarding field analyzer.  This process is significant in Ar plasma since the charge-
exchange collision cross section is very large for argon ions (Gallagher 1999).  Experimentally, we
found that the ion energy distribution collapsed even at low pressure for Ar plasma (0.1 torr).

Compared with pure H2 plasma, a mixture of SiH4 and H2 shifts the ion energy distribution to a lower
energy, as shown in Fig. 14.  This shift probably indicates that the plasma potential is higher for pure
H2 plasma than for the plasma with H2 and SiH4 mixture. This phenomenon is similar for both RF
and MVHF plasmas.

The increase of excitation power slightly shifts the energy distribution of MVHF plasma to a higher
energy as shown in Fig. 15.  The shape of the ion energy distribution remains unchanged within the
experimental errors.  It probably means that the plasma potential is increased by the high power
since the peak-to-peak voltage increases with the increase of power level.  However, for a RF plasma
there is no significant change at the cut-off energy, instead the shape of the distribution is changed. 
Figure 16 compares the ion energy distributions for an RF plasma with 3 W and 30 W.  Because the
plots are in arbitrary units, we may only say that the ratio of the high energy peak to the broad low
energy shoulder increases with the increase of RF power.  The mechanism responsible for the
difference in the power dependence between RF and MVHF is not clear at this stage.

From the ion energy distribution measurements we have learned the following.  First, the ion
bombardment occurs only at low pressures.  For normal solar cell deposition pressures, there is no
significant ion bombardment from the plasma itself.   Second, at low pressures, the ion bombardment
is higher in RF plasma than in MVHF plasma.  Third, the positive ion flux is higher in MVHF plasma
than in RF plasma.

In order to find out whether the ion bombardment is beneficial for making a-Si alloy solar cells with
MVHF, we have performed systematic studies of the effects of pressure and external bias on a-Si
alloy solar cells.  Table 2 lists the characteristics of a-Si alloy solar cells deposited on stainless steel
with a thickness of around 2100 Å, where the intrinsic layers were deposited at different pressures. 
The deposition rate is significantly  influenced by the pressure.  The cell made at 0.1 Torr is not as
good as the cells made at 1.0 Torr or 1.5 Torr although the deposition rate is only 4.4 Å /s.  This is
probably due to the ion bombardment.  On the other hand, at pressures higher than 2.0 Torr, the Voc

and FF drop, which may have resulted from the polymerization in the plasma. 

Table 3 summarizes the performance of a-Si alloy solar cells deposited at 0.1 Torr with different
external DC biases.  The positive and negative biases slightly reduce and enhance the deposition rate,
respectively.  The FF of the positively biased cells is better than the one deposited on a floating
substrate.  The negative bias significantly reduces the FF.  Physically, a positive bias reduces the energy
and flux of the positive ions and a negative bias accelerates the positive ions toward the substrate. 
Therefore, we may conclude that ion bombardment is not beneficial for making a-Si alloy solar cells
using our MVHF with current conditions.
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Figure 14. Comparison of the positive ion energy distribution of pure H2 plasma and  plasma
with H2 and SiH4 mixture. The measurements were made at 0.1 torr with 11 W VHF power.
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Figure 15. Ion energy distribution with two VHF powers for a H2 plasma at 0.1 torr.
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Figure 16.   Ion energy distribution with two RF powers for a H2 plasma at 0.1 torr.
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Table 2.  Characteristics of a-Si Alloy Solar Cells Made at Different Pressures.

Efficiency (%)Sample Jsc

(mA/cm
2
)

Voc

(V)
FF FFb FFr

Active Total

Rate
(Å/s)

d
(Å)

Pressure
(Torr)

VHF7666 9.75 0.991 0.698 0.767 0.68
4

6.74 6.27 4.4 2170 0.1

VHF7689 11.2 0.976 0.702 0.759 0.70
6

7.66 7.12 14.0 2530 1.0

VHF7664 10.55 0.990 0.719 0.781 0.70
6

7.41 6.89 8.9 2135 1.5

VHF7687 9.91 0.956 0.701 0.770 0.70
4

6.23 5.79 6.0 1810 2.0

VHF7694 11.04 0.936 0.646 0.771 0.69
4

6.67 6.20 3.0 2085 2.5

Table 3. Characteristics of a-Si Alloy Solar Cells Made at 0.1 Torr with Different Biases.

Efficiency (%)Sample Jsc

(mA/cm
2
)

Voc

(V)
FF FFb FFr

Active Total

Rate
(Å/s)

d
(Å)

Bias
(V)

VHF7716 9.67 0.989 0.695 0.759 0.681 6.64 6.18 4.2 2040 -5.6*

VHF7717 9.84 0.998 0.702 0.778 0.689 6.89 6.41 4.1 2000 +30

VHF7718 9.65 0.999 0.714 0.774 0.689 6.88 6.40 4.0 1980 +60

VHF7738 9.74 1.000 0.705 0.767 0.679 6.87 6.39 4.1 2000 +90

VHF7739 9.49 0.997 0.712 0.770 0.700 6.74 6.27 3.9 1930 +120

VHF7740 9.48 1.005 0.721 0.780 0.695 6.87 6.39 3.9 1930 +150

VHF7741 9.08 0.992 0.632 0.711 0.671 5.69 5.29 4.7 2280 -60

VHF7742 8.42 1.005 0.617 0.691 0.635 5.22 4.85 4.9 2410 -120

*Self bias on floating substrate.
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The pressure and external bias experiments were also carried out on a-SiGe alloy middle cells.   The
performance of middle cells is strongly dependent on pressure.  The cells made at low pressure (0.1
Torr) show relatively poor performance.  However, the external bias probably has more effect at low
pressures than at high pressures.  Therefore, we first made a-SiGe alloy middle cells at a low pressure
with different biases on the stainless steel substrate.  The characteristics of these cells are listed in
Table 4, where the measurements were made under an AM1.5 solar simulator with a 530 nm cut-on
filter.  The negative bias increases Voc and decreases Jsc, which probably means that less Ge is
incorporated into the a-SiGe alloy layer.  The positive bias has very little effect on the performance
of the cell.  Since our current best a-SiGe alloy cell is made at high pressure, we examine the bias
effect for high pressure cells.  The results are listed in Table 5.  Similar to the low pressure case, the
positive bias does not affect the cell performance, but the negative bias reduces the FF.  It should be
pointed out, however, the negatively biased cells are slightly thicker than the unbiased and positively
biased cells.

Table 4. Characteristics of a-SiGe Alloy Middle Cells Made at Low Pressure with External Bias.

Pmax (mW/cm
2
 )Sample Jsc

(mA/cm
2
)

Voc

(V)
FF FFb FFr

Active Total

d
(Å)

Vbias

(V)

VHF7763 7.3 0.697 0.579 0.637 0.567 3.0 2.8 1410 -6.2*

VHF7766 7.0 0.699 0.579 0.623 0.578 2.8 2.6 1493 +60

VHF7775 7.2 0.688 0.562 0.593 0.561 2.8 2.6 1484 +120

VHF7767 4.7 0.812 0.625 0.671 0.613 2.4 2.2 1471 -60

VHF7776 6.3 0.762 0.612 0.632 0.606 2.9 2.7 1493 -120

*Self bias on floating substrate.

Table 5. Characteristics of a-SiGe Alloy Middle Cells Made at High Pressure with External Bias.

Pmax (mW/cm
2
 )Sample Jsc

(mA/cm
2
)

Voc

(V)
FF FFb FFr

Active Total

d
(Å)

Vbias

(V)

VHF7788 8.34 0.751 0.648 0.696 0.659 4.06 3.78 1675 -7.2*

VHF7801 8.71 0.739 0.618 0.679 0.635 3.98 3.70 1630 -6.7*

VHF7802 8.46 0.747 0.640 0.701 0.644 4.04 3.76 1620 +30

VHF7803 8.49 0.739 0.638 0.697 0.645 4.00 3.72 1710 +60

VHF7789 8.48 0.735 0.638 0.686 0.652 3.96 3.68 1665 +120

VHF7804 8.64 0.736 0.625 0.685 0.632 3.97 3.69 1630 -30

VHF7805 8.76 0.736 0.587 0.686 0.592 3.78 3.52 1740 -60

VHF7790 8.39 0.731 0.572 0.690 0.579 3.51 3.26 1715 -120

*Self bias on floating substrate.
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Effects of Hydrogen Dilution on a-Si and a-Si alloy Solar Cells

H2 dilution has been found to improve the performance and stability of RF a-Si alloy solar cells.  
The best a-Si and a-SiGe alloy solar cells were made with a hydrogen dilution level just below the
threshold of microcrystalline silicon formation (Yang et al. 1999).  The effects of H2 dilution on the
MVHF solar cells may be different for RF.  The red FF drops with the increase of H2 dilution within a
certain range.  This indicates that high H2 dilution is not beneficial to making good material and
devices in the range investigated.  To clarify the different effects of H2 dilution between RF
deposition and MVHF deposition, systematic studies of H2 dilution on a-Si and a-SiGe alloy solar cells
were conducted.

The characteristics of a-Si solar cells made with different SiH4 flow rates are plotted in Fig. 17, where
all other deposition parameters were kept the same.  These cells were designed to have an intrinsic
layer thickness of about 2100 Å.  It is clear that when the SiH4 flow is lower than 4 sccm, all the
parameters, Jsc, Voc and FF, drop with a decrease of SiH4 flow rate.  This phenomenon probably
relates to the formation of microcrystallites.  For these experimental conditions, the threshold level
of microcrystallization is around 4 sccm.  The FF under AM1.5 and under red light increases with an
increase in SiH4 flow rate above 4 sccm.  Meanwhile, Jsc slightly increases and Voc slightly decreases. 
The cell made with a SiH4 flow rate of 8 sccm exhibits the best overall performance with the other
deposition parameters kept the same.  In addition, the deposition rate increases with an increase in
the SiH4 flow rate.  For a SiH4 flow rate of 2 sccm, the deposition rate was 4.2 Å/s, while it was 8.8
Å/s for a flow rate of 10 sccm. 

Similar experiments were made on a-SiGe alloy middle cells with a thickness of about 1500 Å.  The
cells were deposited on stainless steel (SS) and on Ag/ZnO back reflector (BR).  For this study, we
kept the deposition rate ~6 Å/s by changing the VHF power for different flow rates.  Figures 18 and
19 show the FF of a-SiGe alloy middle cells on SS and on BR, respectively, as a function of H2 flow
rate.  For all of the cells, the active gas flow rates and other conditions were kept the same. 
Although the fill factors of the a-SiG alloy cells on SS are largely independent of the H2 flow rate as
indicated in Fig. 18, the values of the cells on BR decrease with the increase of H2 flow rate when H2

flow rate is over 130 sccm.  Below this value, the fill factor does not depend on the H2 flow rate. 
The different behavior observed for the cells on SS and BR may be due to the roughness of the
substrates.  Microcrystallization may occur more easily on rough surfaces than on smooth surfaces. 
This point has been observed by the deposition of polycrystalline diamond films.  Therefore, we
speculate that the cells made on BR with H2 flow rates higher than 130 sccm contain some
microcystallites.   The cells on SS do not show the microcrystalline features.

There would not be microcrystalline formation for the conditions mentioned above if the deposition
were made with RF excitation.  It has been reported that the threshold of H2 dilution for
microcrystallization is much lower in VHF deposition than in RF deposition (Platz et al. 1988). 
From the current experiments, we learned that we may need to reduce H2 dilution level when we
make a-Si and a-SiGe alloy solar cells with MVHF.  Since the threshold of H2 dilution depends on
other deposition conditions such as pressure, VHF power and substrate temperature, for a certain
deposition regime, we need to figure out the appropriate H2 dilution level experimentally.  
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Figure 17.   Characteristic parameters for a-Si alloy solar cells made at different SiH4 flow rates.
The cells were on SS with designed 2100 Å.
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Figure 18.  Fill factors of a-SiGe alloy solar cells on SS as a function of H2 flow rate.  The cells
were made at about 6 Å/s.
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Figure 19. Fill factors of a-SiGe alloy solar cells on BR as a function of H2 flow rate.  The
deposition conditions were the same as Fig.18.
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Comparison of the stability of RF and MVHF a-Si alloy solar cells 

Top, middle and bottom component cells were fabricated in three small area deposition systems. 
The experiments were conducted to compare the stability of cells deposited with RF and MVHF
plasmas.  The three systems include the Line (~1 Å/s RF), B (~3 Å/s RF) and VHF (~6 Å/s MVHF). 
The initial and stabilized J-V characteristics of RF solar cells deposited at 1 and 3 Å/s, and MVHF
cells deposited at ~6 Å/s were compared.  The middle and bottom cells were deposited without band
gap profiling to compare similar cells.  State-of-the-art middle and bottom RF cells deposited with
band-gap profiling at ~1 Å/s were also compared. 

The initial and stabilized active area characteristics of a-Si alloy top cells deposited on stainless steel
substrates are listed in Table 6.  As reported earlier, the initial characteristic of the a-Si alloy top cells
is highest for RF at 1 Å/s.  The initial characteristics of the 3 Å/s RF cell is higher than the 6 Å/s
MVHF cell, however the stabilized characteristics of the 3 Å/s RF and the 6 Å/s VHF cells are similar.

Table 6.  Initial and Stabilized Characteristics of Top Component Cells on Stainless Steel.

Efficiency (%)Sample Status Jsc

(mA/cm
2
)

Voc

(V)
FF

Active Total
Deg Rate

(%)
Comment

L9654
Initial
Stable

8.65
8.20

1.016
0.965

0.771
0.711

6.78
5.63

6.31
5.24 17

RF ~1 Å/s

B3467
Initial
Stable

8.74
8.41

0.962
0.905

0.750
0.656

6.31
4.99

5.87
4.64 21

RF ~3 Å/s

VHF6960
Initial
Stable

8.66
8.22

0.997
0.955

0.691
0.664

5.97
5.21

5.55
4.85 13

MVHF ~6 Å/s

The J-V characteristics of the a-SiGe alloy middle cells deposited on stainless steel and illuminated
with a λ > 530 nm cut-on filter are listed in Table 7.  The RF cells deposited at ~1 Å/s exhibit the
highest initial and stabilized Pmax.  The use of band-gap profiling results in a 16% increase in the
initial Pmax.  However, both low deposition rate cells with and without bandgap profiling degraded by
20% yielding a 16% higher stabilized Pmax for the profiled cell.  The initial characteristics of the 3 Å/s
RF and 6 Å/s MVHF cells are similar, and both cells exhibited similar degradation yielding similar
stabilized Pmax.   

Table 7. Initial and Stabilized Characteristics of Middle Component Cells on Stainless Steel.

Pmax

(mW/cm
2
)

Sample Condition Jsc

(mA/cm
2
)

Voc

(V)
FF

Active Total

Deg Rate
(%)

Comment

L10524
Initial
Stable

9.53
9.06

0.759
0.725

0.702
0.616

5.08
4.05

4.72
3.77 20

Profiled
RF ~1 Å/s

L10547
Initial
Stable

8.66
8.33

0.751
0.723

0.656
0.566

4.27
3.41

3.97
3.17 20

No profile
RF ~1 Å/s

B4576
Initial
Stable

7.47
7.05

0.764
0.723

0.672
0.552

3.84
2.81

3.57
2.61 27

No profile
RF ~3 Å/s

VHF7797
Initial
Stable

7.90
7.48

0.766
0.718

0.650
0.548

3.93
2.94

3.65
2.73 25

No profile
MVHF ~6 Å/s
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The initial and stabilized characteristics of a-SiGe alloy bottom cells deposited on AgZnO back
reflectors are listed in Table 8.  Again, the 1Å/s RF cells exhibit the highest initial and stabilized Pmax.
 The degradation in the bottom cells with or without bandgap profiling is similar.  The effect of band
gap profiling is to increase the initial and stabilized Pmax by 16%.  The RF cells deposited at 1 and 3
Å/s exhibit similar degradation.  However, the 6 Å/s MVHF bottom cell exhibited the most
degradation.  Optimization of the MVHF bottom cell is currently underway in an attempt to decrease
the degradation to the level of the RF cells.   

Table 8.  Initial and Stabilized Characteristics of Bottom Component Cells on Back Reflector.

Pmax

(mW/cm
2
)

Sample Condition Jsc

(mA/cm2)
Voc

(V)
FF

Active Total

Deg Rate
(%)

Comment

L10650
Initial
Stable

11.72
11.43

0.586
0.564

0.641
0.587

4.40
3.78

4.09
3.52 14

Profiled
RF ~1 Å/s

L10655
Initial
Stable

9.78
9.38

0.620
0.594

0.631
0.578

3.83
3.22

3.56
2.99 16

No profile
RF ~1 Å/s

B4556
Initial
Stable

10.27
9.84

0.610
0.583

0.583
0.552

3.65
3.17

3.39
2.95 13

No profile
RF ~3Å/s

VHF7902
Initial
Stable

9.20
8.77

0.624
0.597

0.600
0.535

3.44
2.80

3.20
2.60 19

No profile
MVHF ~6 Å/s
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Section 4

Status of Amorphous Silicon Alloy Component and Multi-junction
Cells and Modules Deposited in a Large-Area Reactor

Introduction

A prerequisite to fabricating high efficiency modules of aperture area 460-920cm2 is to optimize the
performance and the uniformity of smaller area mini-modules and cells using identical materials and
processes.  This approach enables the diagnosis and analysis of the devices at both the cell and
module levels.  Evaluation of the small-area (total area = 0.268cm2, active area = 0.25cm2) cells
using I-V and Q measurements provide information about the basic device efficiency without the
complications of electrical and optical losses associated with modules.  It also gives a peek into the
device at the component cell level.  The analysis of the performance and uniformity of the mini-
modules provides a preview of the module efficiency that can be expected from a ~900cm2 module
taking into consideration all the losses related to modules, uniformity, and encapsulation.

Device Fabrication and Measurement

A large-area stainless steel substrate is first sputter-coated with a textured Ag/ZnO back reflector
layer.  The deposition is over an area of ~1 sq. ft.  This is followed by the deposition over the same
area of a triple-junction triple-bandgap a-Si/a-SiGe/a-SiGe alloy cell in the 2B machine using
conventional glow discharge technique.  The top transparent conducting oxide (TCO) is deposited in
two different configurations as follows:

Small-area (0. 268cm
2
) Devices

This process allows the complete and in depth evaluation of the component cells and light soaking
characteristics of both the component and triple-junction cells.  In this method, the completed large-
area device is cut into 2”x2” substrates.  The TCO is deposited through an evaporation mask to yield
devices of total area 0.268cm2.  These devices are used for I-V and Q measurements.  Stable cell
results are obtained by exposing several of the representative 2”x2” samples obtained from the
original 900cm2 substrate.

Module and Mini-module Fabrication

This process allows the fabrication of modules and mini-modules.  The TCO film is deposited over
the entire area.  The TCO film is then etched in two different ways: (1) to fabricate a module of
aperture area 450cm2 and (2) to demarcate an array of nine 3”x3” cells spread over an area of 9”x9”.
 The aperture area of each of the 3”x3” devices is 40-45cm2.  One of the 3”x3” sections also has an
ITO-etched 5x5 array of 0.268cm2 devices.  The 0.268cm2 devices are used for the small-area I-V
and Q measurements.  A dc-source ORC solar simulator is used for the I-V measurements.

The module and mini-module fabrication process is now summarized.  The 450cm2 aperture area
substrate for module fabrication and the eight 40-45cm2 aperture area substrates for mini-module are
processed in a similar way.  Front surface grids are applied using a wire bonding process and bus bars
are connected.  The bare modules/mini-modules are measured in a Spire pulsed solar simulator Model
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240A equipped with a peak detector circuit board.  The modules/mini-modules are then encapsulated
using a stack of Tefzel and EVA.  Another set of I-V measurements is made on the encapsulated
modules/mini-modules under the Spire solar simulator.

The I-V and Q measurements of the 0.25cm2 small-area cells can be used to characterize the mini-
modules since all the deposition steps are identical.  This approach eliminates any ambiguity related
to the comparison of results of the small-area cells and the mini-modules.  Further, all the processing
steps, the materials used, and the measurement conditions are identical to the ones used for
fabricating the large-area 460cm2 or 900cm2 modules.  The only difference is that the ITO etch
pattern is different (of larger area) for the large-area modules compared to the case of the mini-
modules.  Therefore, the error involved in extrapolating the results of the mini-modules to the large-
area modules is minimized.

Stability Studies

Two kinds of samples were used for the stability studies.  The first were the small-area (0.268cm2)
component and triple-junction cells and the second were the modules/mini-modules.  For the small-
area cells, several 2”x2” substrates encompassing several unencapsulated 0.268cm2 total area devices
were first measured.  The average efficiency was obtained on each substrate. The average efficiency
of all the substrates gives an estimate of the expected initial module efficiency.  Only encapsulated
modules/mini-modules were used for the light soaking.  The light soaking for all samples was done
under one-sun, 500C, and open-circuit conditions.

Results of Component Cells

Top Cell on Stainless Steel Substrate

The a-Si alloy top cell (of a triple-junction device) was deposited on a large area stainless steel
substrate with no back reflector.  Small-area cell performance was measured on six 2”x2” substrates,
representing the large-area substrate.  The average efficiency was measured as a function of exposure
time.  The average stabilized efficiency of all the substrates after 1000 hours of light soaking can be
extrapolated to obtain the stable module efficiency.  The final results of six 2”x2” substrates of
2B5735 are tabulated in Table 9. Each data point in the table is an average of several 0.268cm2 total
area devices on that substrate. The average values of all the six substrates are given at the bottom of
the table.  These average values can be considered to be representative of the entire large-area
12”x12” substrate.  The overall initial average efficiency is 5.9% and the stabilized value is 5.4%. 
The stabilized value of 5.4% meets the Phase I milestone of 5.0% for the first year of the program.
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Table 9. Average Results of Small-Area a-Si Alloy Top Cells on a 2”x2” Stainless Steel
Substrate.

Efficiency (%) Sample
 2B5735

Active area
(cm

2
)

Total area
(cm

2
)

Light Soak
(Hours)

Jsc

(mA/cm
2
)

Voc

(V)
FF

Active area Total area

0 9.12 0.988 0.727 6.6 6.1LD5 0.25 0.268
1031 9.00 0.941 0.697 5.9 5.5

0 8.75 0.981 0.722 6.2 5.8LH4 0.25 0.268
1031 8.56 0.936 0.704 5.6 5.3

0 8.67 0.974 0.724 6.1 5.7LG1 0.25 0.268
1031 8.60 0.933 0.695 5.6 5.2

0 8.86 0.981 0.725 6.3 5.9LH6 0.25 0.268
1031 8.67 0.940 0.698 5.7 5.3

0 9.23 0.990 0.724 6.6 6.2LC1 0.25 0.268
1031 9.15 0.946 0.689 6.0 5.6

0 9.02 0.986 0.711 6.3 5.9LF2 0.25 0.265
1031 8.79 0.940 0.688 5.7 5.3

0 8.94 0.983 0.722 6.4 5.9Average 0.25 0.268
1031 8.80 0.939 0.695 5.7 5.4

Phase I milestone 1.0 1000 5.0

Middle Cell on Stainless Steel Substrate

A similar work has been done on middle cell on stainless steel substrate.  Six representative 2”x1”
pieces with 0.268cm2 total-area devices were prepared.  The initial performance of the devices was
measured under AM1.5 illumination using a λ>530nm cut-on filter.  The devices were then light
soaked under open circuit, one sun with filter, and 500C conditions.  The filter was selected such that
the intensity corresponded to a JSC of ~8-9mA/cm2.  The initial and 1072 hours light soaked results
of the six substrates are summarized in Table 10.  Each value in the table represents the average of
several 0.268cm2 devices on that substrate.  The average stable values of pmax at λ>530nm for the six
substrates are in the range of 3.36-3.68mW/cm2.  The average for all the substrates shown at the
bottom of Table 10 is 3.6mW/cm2 and is representative of the entire large-area 12”x12” substrate. 
The stabilized value of 3.6mW/cm2 meets the Phase I milestone of 3.1 mW/cm2 for the first year of
the program.
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Table 10. Average Results of Small-area a-SiGe Alloy Middle Cells on a 2”x2” Stainless Steel
Substrate.

Pmax>530nm  (mW/cm
2
)Sample

 2B5905
Active area

(cm
2
)

Total area
(cm

2
)

Light Soak
(Hours)

Jsc

(mA/cm
2
)

Voc

(V)
FF

Active area Total area

0 9.78 0.725 0.684 4.84 4.51LA2 0.25 0.268
1072 9.59 0.685 0.599 3.92 3.66

0 9.57 0.732 0.671 4.70 4.38LA4 0.25 0.268
1072 9.55 0.687 0.583 3.83 3.57

0 9.73 0.728 0.682 4.83 4.51LC1 0.25 0.268
1072 9.50 0.688 0.593 3.89 3.63

0 9.23 0.742 0.671 4.60 4.29LE 0.25 0.268
1072 9.02 0.700 0.571 3.60 3.36

0 9.24 0.733 0.657 4.45 4.15LH2 0.25 0.268
1072 9.23 0.692 0.576 3.70 3.45

0 9.45 0.724 0.692 4.72 4.40LI 0.25 0.265
1072 9.42 0.685 0.610 3.94 3.68

0 9.50 0.730 0.676 4.7 4.4Average 0.25 0.268
1072 9.38 0.689 0.589 3.8 3.6

Phase I milestone 1.0 1000 3.1

Bottom Cell on Ag/ZnO Substrate

For the bottom cell, a Ag/ZnO back reflector substrate has been used. Six representative 2”x2” pieces
with 0.268cm2 total-area devices were prepared.  The initial performance of the devices was
measured under AM1.5 illumination using a λ>630nm cut-on filter. The devices were then light
soaked under open circuit, one sun with filter, and 500C conditions.  The filter was selected such that
the intensity corresponded to a JSC of 8.5-9.5mA/cm2.   The initial and 621 hour light soak results of
the six substrates are summarized in Table 11.  Each value in the table represents the average of
several 0.268cm2 devices on that substrate.  The average stable values of pmax at λ>630nm for the six
substrates are in the range of 3.08-3.30mW/cm2.  The average for all the substrates shown at the
bottom of Table 11 is 3.2mW/cm2 and is representative of the large-area 12”x12” substrate.  The
stabilized value of 3.2 meets the Phase I milestone of 3.lmW/cm2 for the first year of the program.
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Table 11. Average Results of Small-area a-SiGe Alloy Bottom Cells on a 2”x2”
 

Ag/ZnO
Substrate.

Pmax>630nm (mW/cm
2
)Sample

 2B6172
Active area

(cm
2
)

Total area
(cm

2
)

Light Soak
(Hours)

Jsc

(mA/cm
2
)

Voc

(V)
FF

Active area Total area

0 11.49 0.596 0.606 4.15 3.85LA2 0.25 0.268
621 10.87 0.571 0.559 3.47 3.23
0 11.49 0.594 0.626 4.27 3.97LI 0.25 0.268

621 10.87 0.570 0.547 3.39 3.15
0 11.49 0.601 0.582 4.01 3.74LC1 0.25 0.268

621 10.87 0.577 0.528 3.31 3.08
0 11.49 0.596 0.596 4.08 3.80LB5 0.25 0.268

621 10.87 0.577 0.534 3.34 3.11
0 11.49 0.591 0.592 4.02 3.73LD6 0.25 0.268

621 10.87 0.572 0.556 3.46 3.22
0 11.49 0.596 0.615 4.21 3.92LF2 0.25 0.265

621 10.87 0.577 0.566 3.55 3.30

0 11.49 0.596 0.603 4.1 3.8Average 0.25 0.268
621 10.87 0.574 0.548 3.4 3.2

Phase I milestone 1.0 1000 3.1

Results of Triple-Junction Cells

Triple-junction triple-bandgap a-Si/a-SiGe/a-SiGe alloy cells were deposited on Ag/ZnO back reflector.
 The top, middle, and bottom components of the triple-junction structure were similar to the
corresponding devices described in the preceeding section.  Each component cell incorporated high
hydrogen dilution in order to obtain the best results.  The thickness and the bandgap of each cell were
optimized to obtain the highest mutijunction device efficiency.  Small-area cell performance was
measured on four 2”x2” substrates, representing the large-area substrate.  The initial and the
stabilized results after 1067 hours of light soak are shown in Table 12.

Table 12. Average Results of Small-Area Triple-Junction Cells on 2”x2” Ag/ZnO Back Reflector.

Efficiency (%)Sample
 2B5735

Active area
(cm

2
)

Total area
(cm

2
)

Light Soak
(Hours)

Jsc

(mA/cm
2
)

Voc

(V)
FF

Active area Total area

0 8.84 2.281 0.708 14.3 13.3LE 0.25 0.268
1067 8.64 2.209 0.660 12.6 11.7

0 8.77 2.279 0.717 14.3 13.4LF4 0.25 0.268
1067 8.49 2.208 0.664 12.5 11.6

0 8.81 2.280 0.713 14.3 13.4LD4 0.25 0.268
1067 8.43 2.207 0.666 12.4 11.6

0 8.77 2.250 0.718 14.2 13.2LC1 0.25 0.268
1067 8.49 2.178 0.674 12.5 11.6

0 8.80 2.273 0.714 14.3 13.3Average 0.25 0.268
1067 8.51 2.201 0.666 12.5 11.6

Phase I milestone 1.0 1000 11.2
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The four substrates are numbered LE, LF4, LD4, and LC1.  Each value in the table represents the
average of several 0.268cm2 devices on that substrate. The overall average values of initial
efficiency of all the substrates are active-area efficiency = 14.3% and total-area efficiency =
13.3%, respectively. The corresponding values for the 1067 hours light stabilized case are 12.5%
and 11.6%, respectively, and is representative of the large-area 12”x12” substrate.  The Phase I
milestone shown in the same table for the stabilized total-area efficiency  = 11.2%.  The
stabilized total-area efficiency of 11.6% meets the Phase I milestone.

The initial J-V characteristics of the best cell on substrate 2B5616LD4 are shown in Fig. 20.  The
corresponding initial Q of the component cells and the total integrated Q of the device are shown in
Fig. 21.  The measurements show that for the 0.25cm2 active area (0.268cm2 total area) device, the
VOC =  2.280V, JSC (from Q) = 8.8lmA/cm2, FF = 0.721, and active area efficiency ~14.5%.  The
current of the top, middle, bottom cells, and the complete device are 8.92, 8.86, 8.81, and
26.59mA/cm2, respectively.  The stabilized J-V characteristics of the best device and the Q
measurements after the light soak are shown in Fig. 22 and 23, respectively.  The stabilized results
are VOC = 2.213V, JSC (from Q) = 8.79mA/cm2, FF = 0.661, and active area efficiency  ~12.9%.  The
current of the top, middle, bottom, and the complete device are 8.87, 8.79, 8.82, and 26.48mA/cm2.
 The stabilized efficiency of 12.9% is close to the world-record value of 13.0% reported earlier by us
from the small-area LINE machine.
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Figure 20.  Initial J-V characteristic of a triple-junction device of efficiency 14.5%.
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Figure 21.  Initial Q characteristic of the cell shown in Fig. 20. 
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Figure 22.  Stable J-V characteristic of a triple-junction device of efficiency 12.9%.
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Figure 23.  Stable Q characteristic of the cell shown in Fig. 22. 
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Module Results

The module fabrication process has been briefly described above.  Three kinds of modules have been
fabricated corresponding to the three aperture areas: (1) 40-45cm2, (2) 460cm2

, and (3) 900cm2.  All
I-V measurements have been made using a Spire pulsed solar simulator equipped with a peak detector
circuit board.  The initial and stable results of the various modules are described.

Mini-modules of Aperture Area 40-45cm
2

The initial I-V results of the mini-modules for two different runs made in the 2B machine, 5549 and
5552, are summarized in Table 13.  The measurements have been made on the bare unencapsulated
mini-modules.  The entry under the column "Sample #" refers to the different 3"x3" sections of each
run.  The aperture area in each case is 44.39cm2.  The values of initial efficiency for the different
samples of 2B 5549 and 5552 are 12.7-13.3% and 12.5-13.1%, respectively.  The average
efficiencies for the two cases are 13.0 and 12.8%, respectively.  The uniformity over the 9”x9” area
spanned by the results shown in the table is good.  The spread in efficiency is ±2.5% of the average
efficiency in both cases.

As shown in Table 13, the highest initial efficiency of 13.3% has been obtained on 2B 5549#E1. The
I-V characteristics of this mini-module are shown in Fig. 24. The VOC = 2.30V, ISC = 364mA, FF =
0.705, and Pmax = 590mW.  This is the highest efficiency obtained on any module made in the 2B
machine.

Table 13. Summary of Initial I-V Characteristics of Two Sets of Bare Mini-Modules.

2B # Sample # Aperture Area
(cm

2
)

VOC

(V)
ISC

(mA)
FF Pmax

(mW)
Efficiency

(%)

5549 El 44.39 2.30 364 0.705 590 13.3
E2 44.39 2.30 371 0.687 586 13.2
E3 44.39 2.30 371 0.673 575 12.9
G1 44.39 2.29 358 0.699 572 12.9
G3 44.39 2.31 365 0.671 565 12.7

Average 44.39 2.30 366 0.687 578 13.0
5552 El 44.39 2.27 366 0.691 574 12.9

E2 44.39 2.29 368 0.690 582 13.1
E3 44.39 2.29 364 0.676 563 12.7
Fl 44.39 2.25 359 0.703 568 12.8
G1 44.39 2.25 357 0.691 555 12.5
G2 44.39 2.28 363 0.695 575 13.0
G3 44.39 2.30 366 0.681 575 12.9

Average 44.39 2.28 363 0.690 570 12.8
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Figure 24.  Initial I-V characteristic of a bare mini-module of aperture area 44.39cm
2
. 
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Table 14. Summary of Initial I-V Characteristics of Encapsulated Mini-Modules.

2B # Sample # Aperture Area
(cm

2
)

VOC

(V)
ISC

(mA)
FF Pmax

(mW)
Efficiency

(%)

5549 E2L 41.28 2.28 321 0.710 519 12.6
E3L 41.28 2.28 325 0.686 509 12.3
GIL 41.28 2.25 317 0.696 497 12.0

Average 41.28 2.27 321 0.697 508 12.3
5552 ElL 41.28 2.24 320 0.700 502 12.2

F1L 41.28 2.23 320 0.695 496 12.0
G2L 41.28 2.25 320 0.707 509 12.3
G3L 41.28 2.29 322 0.697 514 12.4

Average 41.28 2.25 321 0.700 505 12.2

Some of the high efficiency mini-modules shown in Table 13 have been encapsulated.  The initial
results are summarized in Table 14.  The aperture area of the mini-modules is 41.28cm2.  The
average efficiency of three samples of run 2B 5549 is 12.3% and the average of four samples of run
2B 5552 is 12.2%.  The highest efficiency of 12.6% is obtained on 2B 5549#E2L.  The values of
VOC =  2.28V, ISC = 321mA, FF = 0.710, and Pmax =  519mW.  This is the highest efficiency
obtained on any module made in the 2B machine.

Four of the encapsulated mini-modules were light soaked.  The initial and stable values after 1056
hours of light soak are summarized in Table 15.   The initial efficiency is in the range of 12.1-12.6%.
 The stable aperture area efficiency is 10.9-11.2%.  These values project the efficiency of larger area
modules since the design and fabrication procedures are identical.  Module 5549#E2L exhibits the
highest stable efficiency of 11.2%.  The I-V characteristics of this module are shown in Fig. 25. The
aperture area is 41.2cm2, VOC = 2.21V, ISC = 317mA, FF = 0.655, and Pmax = 460mW.  This is the
highest stabilized aperture-area efficiency obtained on a fully encapsulated module.

Table 15. Spire Results of Light Soak of Four Mini-Modules.

2B # Sample # Aperture Area
(cm

2
)

Light exposure
(Hours)

VOC

(V)
ISC

(mA)
FF Pmax

(mW)
Efficiency

(%)

0 2.26 319 0.693 501 12.15546 F2L 41.30
1056 2.20 313 0.656 453 11.0

0 2.28 321 0.710 519 12.65549 E2L 41.19
1056 2.21 317 0.655 460 11.2

0 2.28 325 0.686 509 12.35549 E3L 41.54
1056 2.22 319 0.642 455 10.9

0 2.24 320 0.700 502 12.25552 ElL 41.41
1056 2.19 317 0.656 454 11.0
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Figure 25.  Stable I-V characteristic of an encapsulated mini-module. 
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Modules of Aperture Area ~460cm
2

We have fabricated modules of aperture area ~460cm2.  Initial and stable results after 1000 hours of
light soak of three encapsulated modules are summarized in Table 16.  The initial efficiency of the
modules is 12.1-12.3%.  Module 2B5632L of aperture area 452.6cm2 exhibits the highest initial
efficiency of ~12.3%; the VOC  = 2.30V, ISC = 3.51A, FF = 0.689, and Pmax = 5.56W.  The stabilized
efficiency of the modules is 11.0-11.1%.  The stabilized results of the highest efficiency module
2B5632L are efficiency = 11.1%, VOC = 2.23V, ISC = 3.46A, FF = 0.652, and Pmax = 5.02W.  This is
the highest stable efficiency obtained on an encapsulated module of this size.  A graph of efficiency
of the three modules as a function of light soak time is shown in Fig. 26.  The figure shows that
substantial saturation occurs after ~400 hours.

Table 16.  Initial and Stable Spire Results of Encapsulated Modules of Aperture Area ~460cm
2
.

Module Aperture area
(cm

2
)

Light Soak
(Hours)

VOC

(V)
ISC

(A)
FF Pmax

(W)
Eff
(%)

0 2.30 3.51 0.689 5.56 12.282B5632L 452.62
1000 2.23 3.46 0.652 5.02 11.09

0 2.29 3.46 0.693 5.50 12.202B5645L 450.91
1000 2.23 3.40 0.657 4.98 11.04

0 2.30 3.51 0.679 5.48 12.112B5654L 452.62
1000 2.22 3.47 0.644 4.96 10.96

Modules of Aperture Area ~920cm
2

Several encapsulated modules of aperture area 920cm2 have been fabricated. The results of seven
modules are summarized in Table 17.  The initial efficiency is in the range of 11.7-12.1%.  Module
567577L of aperture area 918.0cm2 exhibits the highest efficiency of 12.1%; the VOC = 4.60V, ISC =
3.57A, FF = 0.678, and Pmax = 11.13W.  One of the modules, 558485, of initial efficiency 11.5% has
been light soaked for 1056 hours.  The stabilized values of the module are efficiency = 10.5%, VOC =
4.41V, ISC = 3.42A, FF = 0.637, and Pmax = 10.83W.  This is the highest value of stable efficiency
that has been obtained on a module of this area. Note that the initial efficiency of the other modules
is higher.
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Figure 26.  Stability of encapsulated modules of aperture area ~450cm
2
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Table 17. Initial and Stable Spire Results of Encapsulated Modules of Aperture Area ~920cm
2
.

Module Aperture Area
(cm

2
)

Light Soak
(Hours)

VOC

(V)
ISC

(A)
FF Pmax

(mW)
Efficiency

(%)

562194L 918.2 0 4.56 3.51 0.680 10.88 11.9
563946L 919.3 0 4.58 3.51 0.683 10.95 11.9
565398L 919.9 0 4.57 3.55 0.679 11.02 12.0
566179L 922.1 0 4.56 3.59 0.657 10.75 11.7
566566L 907.1 0 4.57 3.51 0.675 10.53 11.9
567577L 918.0 0 4.60 3.57 0.678 11.13 12.1

0 4.55 3.41 0.680 10.55 11.5558485L 915.4
1056 4.41 3.42 0.637 9.60 10.5

NREL Measurement of Modules

Three of the ~920cm2 modules shown in Table 17, #s 566179L, 566566L, and 567577L, were sent
to NREL for confirmation of the I-V measurements.  NREL made three types of measurements: (1)
indoor using Spire solar simulator model 240A equipped with a peak detector circuit board, (2) indoor
using Large Area Continuous Solar Simulator (LACSS), and (3) outdoor using Standard Outdoor
Measurement System (SOMS).  A summary of the NREL measurements and the corresponding
United Solar Spire measurements is provided in Table 18.

All the United Solar Spire measurements were made using the same model solar simulator as the
NREL Spire.  The table shows that the initial efficiency measured by NREL is lower all across the
board.  The United Solar efficiency values are 11.7-12.1%; the corresponding NREL numbers are
10.90-11.40%.  The NREL efficiency measurements are 4.2-9.9% lower than the United Solar ones.
 Even the NREL Spire measurements are 5.8-8.3% lower than the United Solar ones.  Almost the
entire discrepancy can be attributed to the discrepancy in the Isc measurements: 5.7-9.4% between
the two Spire measurements and 3.5-7.0% between the United Solar Spire and NREL outdoor values.

In order to understand the discrepancy of especially the Spire measurements at the two places, we
have re-evaluated the United Solar Spire solar simulator using other modules and investigated its
performance over time. In principle, the two measurement circuits are similar and it is difficult t o
understand any appreciable discrepancy. The first test was the measurement of a crystal silicon
module under the Spire and plot the efficiency as a function of time.  Figure 27 shows a plot of the
normalized Pmax of the c-Si module as a function of time from September 1996 to August 1998.  The
figure shows that over a period of two years ending August 1998, the c-Si module measurements are
within ±1.0% of its average.  This result shows pretty good consistency of the Spire measurements
and also demonstrates that the overall intensity has remained constant. 

In order to determine the consistency of the spectrum of the United Solar Spire solar simulator,
several modules were remeasured.  Table 19 shows the performance of the modules at various times. 
 Wherever possible, the corresponding NREL Spire measurements are also listed.  The first three
modules, 2B2469F, 2B2438F, and 2B2431F, were first measured at United Solar in November 1993. 
These were remeasured in September 1998.   The new efficiency measurements are 0.4-3.7% higher.
 A closer look shows that the new fill factor values are lower and is attributed to new higher series
resistance of the modules (not shown).  It appears that there is some internal contact resistance
problem.  It is, therefore, better to evaluate only the ISC values.  The new values are 2.2-4.9% higher
which is much less than the discrepancy shown in Table 19.  The last two modules, 2B2452F and
2B2465F, were measured at United Solar in November 1993 and at NREL in December 1993.  At
that time, the United Solar efficiency values were 4.2-5.5% lower and the ISC values were 7.0-7.1%
lower.
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Based on the above it is clear that the United Solar Spire solar simulator has been reasonably
consistent over the last few years.  We, therefore, believe that the United Solar measurements are
reliable.  However, at present, we have no explanation for the discrepancy between the United Solar
and the NREL measurements.

The fourth module in Table 18, 563946L, has been measured at United Solar under the Spire solar
simulator and Sandia National Laboratory under outdoor conditions.  The efficiency measured at
United Solar and Sandia are 12.3% and 11.7%, respectively.  This corresponds to a discrepancy of
4.9%.  Note that the discrepancy in the Isc is only 1.1%.  The Sandia value of Voc, 4.49V, is lower
than the corresponding United Solar value of 4.58V which suggests that the measurement
temperature at Sandia might be higher than 250C.  Since the modules exhibit negative temperature
coefficient of efficiency, it is conceivable that the Sandia number would be higher than the measured
value of 11.7%.  Still, the Sandia number is much higher than the highest NREL measured value of
11.21%.  Efforts are under way to resolve these discrepancies in measurement at the various
laboratories.

New World Record Stable 10.5% Module Efficiency

The first three modules in Table 18 were light soaked at NREL.  Figure 28 shows a plot of NREL
Spire efficiency as a function of light soak time.  Preliminary results show that both the Spire and
outdoor-measured stabilized efficiency of the modules are in the range of 10.1-10.5%.  A stabilized
efficiency of 10.5% corresponds to a new world record for an a-Si alloy module of this size.  This
achievement also satisfies the Phase I milestone as shown at the bottom of Table 18.
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Table 18.  Comparison of Module Performance at United Solar, NREL, and Sandia National Lab.

Module State Area Laboratory Temp. Voc Isc FF Efficiency

2B (cm
2
) (

0
C) (V) (A) (%)

566179L Initial 922.1 United Solar Spire 25 4.56 3.59 0.657 11.7

915.9 NREL Spire 25.1 4.519 3.2907 0.6753 10.96

NREL LACSS 29.0 4.422 3.4336 0.6675 11.10

NREL SOMS @ 964W/m
2 31.7 4.387 3.2179 0.6800 10.90

Stable NREL Spire 25.4 4.381 3.2502 0.6491 10.09

NREL LACSS 26.2 4.331 3.3779 0.6378 10.20

NREL SOMS @ 1054W/m
2 27.7 4.323 3.5132 0.6438 10.10

566566L Initial 907.1 United Solar Spire 25 4.57 3.51 0.675 11.9

905.1 NREL Spire 25.4 4.528 3.3100 0.6769 11.21

NREL LACSS 27.2 4.488 3.3491 0.6873 11.40

NREL SOMS @ 988W/m
2 33.9 4.366 3.346 0.6836 11.20

Stable NREL Spire 25.1 4.418 3.2996 0.6537 10.53

NREL LACSS 26.5 4.353 3.2854 0.6598 10.40

NREL SOMS @ 964W/m
2 28.4 4.327 3.4778 0.6520 10.50

567577L Initial 918.0 United Solar Spire 25 4.60 3.57 0.678 12.1

918.0 NREL Spire 25.4 4.535 3.2864 0.6837 11.10

NREL LACSS 27.0 4.490 3.4215 0.6772 11.30

NREL SOMS @ 970W/m
2 32.1 4.393 3.2424 0.6840 10.90

Stable NREL Spire 25.4 4.408 3.2551 0.6462 10.10

NREL LACSS 27.9 4.302 3.3228 0.6513 10.10

NREL SOMS @ 964W/m
2 28.6 4.322 3.5253 0.6413 10.10

563946L Initial 919.3 United Solar Spire 25 4.58 3.54 0.700 12.3

919.0 Sandia National 25 4.49 3.5 0.684 11.7
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Figure 27.  Normalized pmax of a c-Si module measured under United Solar Spire as a function of time. 
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Table 19.  Earlier and Recent Spire Measurements at United Solar and NREL of Old and New Modules. 

Isc FF EfficiencyModule Type Area
(cm

2
)

Lab. Date Voc

(V) (A) Diff.(%) Diff.(%)

Vmax

(V)
Imax

(A)
Pmax

(W) (%) Diff.(%)

Nov, 93 2.37 6.25 0.654 1.81 5.36 9.68 10.72B2469F Old R&D 901.2 USSC

Sept, 98 2.42 6.39 2.2 0.627 -4.1 1.84 5.27 9.72 10.8 0.4

Nov, 93 2.36 5.97 0.689 1.92 5.05 9.70 10.82B2438F Old R&D 900.0 USSC

Sept, 98 2.41 6.26 4.9 0.654 -5.1 1.88 5.25 9.87 11.0 1.8

Dec, 93 2.38 6.04 0.680 1.95 5.01 9.75 10.82B2431F Old R&D 901.7 USSC

Sept, 98 2.45 6.24 3.3 0.662 -2.6 1.95 5.19 10.11 11.2 3.7

902.1 USSC Nov, 93 2.35 6.11 -7.0 0.697 3.3 1.96 5.1 10.00 11.1 -5.52B2452F Old R&D

905.9 NREL Dec, 93 2.400 6.568 0.675 1.917 5.553 10.64 11.75

901.2 USSC Nov, 93 2.37 6.28 -7.1 0.676 3.7 1.9 5.28 10.06 11.2 -4.22B2465F Old R&D

902.9 NREL Dec, 93 2.395 6.757 0.652 1.874 5.631 10.55 11.69
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Figure 28.  United Solar modules 566566, 567577, 566179: Spire efficiency measurements.
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Summary of Large-area Results

A summary of all the large-area stable results for the component cells, triple-junction devices, and
triple-junction modules are given in Table 20.  The corresponding milestones for Phase I of the
program are also tabulated.  Note that for the triple-junction module, the NREL data measured using
both the Spire and outdoor SOMS methods is given.  The data show that all the milestones have been
achieved.

Table 20. Summary of all stable results and corresponding Phase I milestones.

Efficiency
(%)

Sample # Measurement

Spectrum

Total area
(cm

2
)

VOC

(V)
FF JSC

(mA/cm
2
)

Stable Initial

Top cell on stainless steel
2B5735 AM1.5 0.268 0.939 0.695 8.8 5.4 5.9

Phase I milestone AM1.5 ~1 5.0

Middle cell on stainless steel (mW/cm
2
 )

2B5905 λ > 530nm 0.268 0.689 0.589 9.4 3.6 4.4
Phase I milestone λ > 530nm ~1 3.1

Bottom cell on back reflector (mW/cm
2
)

λ > 630nm 0.268 0.574 0.548 10.87 3.2 3.8
Phase I milestone λ > 630nm ~1 3.1

Triple-junction cell on back reflector
2B5616 AM1.5 0.268 2.201 0.666 8.51 11.6 12.5

Phase I milestone AM1.5 ~1 11.2

Triple-junction module on back reflector
2B566566L AM1.5 918 10.5*

Phase I milestone AM1.5 ~900 10.5

* NREL measurements

Large Area Prototype Modules

We have investigated methods and processes for fabricating large-area flexible modules of two
different sizes.  One size has a nominal outside dimension of 216”x29.6”, and the other size is
216”x15.5”.  The  material and processes used for these prototype modules are compatible with
United Solar’s current production line.  The larger size of the prototype module, however, is two
times the largest standard rigid product.  The motivation for investigating the methods of fabrication
these 18” long flexible modules is to evaluate and qualify each step of the manufacturing process. 
We have successfully completed qualifying each step in the process and one prototype module from
each size was delivered to NREL.  The 216”x 15.5” module was measured by NREL on October 20,
1998 to produce 155.5W under outdoor conditions at 1025 W/m2 irradiance.  The module
temperature was 390C-450C.  The 216”x.29.6” module was measured by NREL on December 3, 1998
to produce 317.8 W under outdoor conditions at 1044 W/m2 irradiance The module temperature was
340C-390C.  Assuming a typical degradation of 15%, the modules should stabilize to ~130 W and 260
W, respectively, higher than the 125 W and 250 W goals.  
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IEEE Std 1262-1995 Qualification of Modules

United Solar has carried out a detailed and systematic qualification of its commercial products.  We
have sent out many of these products to the Department of Electronics and Computer Technology
at the Arizona State University for lEEE 1262 and IEC 1646 qualification testing.  All our products
pass the qualification tests.  Relevant pages from the test report document are reproduced in the
following pages.  The R&D modules fabricated for the NREL program have been fabricated using the
same materials and processes used in the production line.  By the principle of similarity, the R&D
modules therefore pass the same tests.
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Section 5

Future Directions

During Phase I of this program, we have witnessed the tremendous interest that has been generated in
the amorphous silicon alloy photovoltaic field on materials and solar cells prepared near the threshold
of microcrystallinity.  World record solar cells and modules have been made in our laboratory using
deposition conditions near the threshold.  We plan to continue research on near-threshold materials
and solar cells, especially on a-SiGe alloys and cells.

Materials and solar cells made by MVHF at high rates show promise, especially for a-Si alloys and top
cells.  Low bandgap a-SiGe alloys and bottom cells, however, need to be improved significantly in order
to achieve high efficiency multijunction devices.  Fundamental material quality will be investigated and
multijunction devices evaluated.

We have made new world record modules of 10.5% stable aperture-area efficiency during Phase I.  We
plan to continue our efforts in achieving higher efficiencies by systematic studies of loss mechanisms
and improve uniformity even further.  Any insight toward achieving higher quality materials by
studying near-threshold a-Si and a-SiGe alloys will certainly enhance our understanding and improve
device and module efficiencies.
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